The network structure of high acyl gellan polysaccharide was investigated using dynamic viscoelasticity and steady flow viscosity measurements, as well as atomic force microscopy (AFM). Time-temperature superposition (TTS) of mechanical spectra of aqueous dispersions having a gellan concentration of 0.1% w/w revealed a gel-like response at the lower end of the frequency range. The TTS master curve of the steady flow data exhibited a power-law relationship between shear viscosity and shear rate at the lower end of the shear rate range, instead of a Newtonian plateau. These rheological characteristics suggest the existence of an effective yield stress arising from the presence of a percolated network. AFM images of high acyl gellan revealed micrometer-sized networks composed of double-stranded helices laterally associated to varying degrees. These associated helices did not dissociate fully on heating at 90℃, suggesting that they are partially preserved native networks secreted by gellan-producing bacteria.
Introduction
Gellan is an extracellular polysaccharide secreted by Sphingomonas elodea in the form of hydrated networks encapsulating the bacterial cell (Morris, 1998) . Due to its ability to form clear and heat-resistant hydrogels, gellan is widely utilized in industry (Valli and Miskiel, 2001 ). Naturally occurring gellan exists in the high acyl form with a tetrasaccharide repeating unit consisting of →3)-β-d-glucose-(1→4)-β-d-glucuronic acid-(1→4)-β-d-glucose-(1→4)-α-lrhamnose-(1→ (Jansson et al., 1983; O'Neil et al., 1983) . On the (1→3) linked β-d-glucose residues, each C-2 position is esterified with l-glycerate, while approximately one-half of the C-6 positions are esterified with acetate (Kuo et al., 1986) . High acyl gellan is alkali-treated to obtain a deacylated product for expanded commercial applications (Baird et al., 1992; Valli and Miskiel, 2001) . Deacylated gellan molecules are fully hydrated in an aqueous solution at sufficiently high temperatures. Upon cooling to a certain temperature range, fully hydrated molecules in the disordered coiled conformation transform into the double-stranded helical conformation (Morris, 1998; Ikeda et al., 2004; Rinaudo, 2004) . Double-stranded helices aggregate laterally to form thicker rod-like structures in the presence of specific cations, such as potassium, that shield electrostatic repulsion between double-stranded helices arising from negatively charged carboxyl groups, forming macroscopic gels at sufficiently high polysaccharide concentrations (Morris, 1998; Ikeda et al., 2004; Rinaudo, 2004) . The aggregation of double-stranded helices results in a much higher gel-melting temperature than the temperature corresponding to gel formation (Annaka et al., 1999; Matsunaka et al., 1999; Miyoshi and Nishinari, 1999) .
High acyl gellan recovered directly from the fermentation broth using alcohol precipitation without any alkali treatment exhibits distinct gel properties. Deacylated gellan forms brittle gels that break at a relatively small deformation, while high acyl gellan gels are highly deformable, similar to gelatin gels (Baird et al., 1992; Morrison et al., 1999; Valli and Miskiel, 2001) . The melting temperature of deacylated gellan gels can be 30 − 40℃ higher than the setting temperature and is atomic force microscopy (AFM) and were compared with network structures formed by deacylated gellan. The structural information obtained by AFM was then used as the molecular basis for understanding the rheological characteristics of aqueous dispersions of high acyl gellan.
Materials and Methods
Materials Commercial high acyl gellan (Kelcogel LT100; Lot. 1A9696A) and deacylated gellan (Kelcogel; Lot. 0L9599A) were provided by CP Kelco (San Diego, CA) in the form of dried powders, and were used without further purification. The contents of K, Na, Ca and Mg determined using atomic absorption were 1.76, 0.53, 0.17 and 0.09% w/ w, respectively, in high acyl gellan, and 0.88, 0.39, 0.18 and 0.07% w/w, respectively, in deacylated gellan. Other chemicals were of reagent grade.
Rheological measurements High acyl gellan powders were dispersed in distilled water at a concentration of 0.1% w/w, stirred vigorously using a magnetic stirrer for 30 min at room temperature, and visually inspected for homogeneity. The dispersion was loaded into the gap (30 μm) between the cone and plate geometry of an AR2000 rheometer (TA Instruments, New Castle, DE) at 20℃, and were covered with mineral oil to prevent evaporation of water at high temperatures. Cone diameter was 4 cm and the angle between the plate and the side of the cone was 0° 59′ 16″. The dispersion was heated at 90℃ for 30 min under continuous shear at a shear rate of 1000 s -1 , and was then cooled sequentially to 80, 70, 60, 55, 50, 45, 40, 30, 20 and 10℃ . At each temperature, the strain dependences of the storage modulus (G′ ) and the loss modulus (G″ ) were determined first at an angular frequency (ω) of 10 rad/s in order to ensure that the magnitude of strain used for subsequent measurements was within the linear viscoelastic region. The ω dependences of G′, G″, and the complex viscosity (η*) were then determined in the ω range from 0.1 to 20 rad/s at a constant strain of 0.01. Finally, the shear rate dependence of the steady shear viscosity (η) was determined in the shear rate range from 0.1 to 200 s -1 .
The sample preparation and rheological measurements were performed in triplicate. Atomic force microscopy High acyl and deacylated gellan powders were dispersed in distilled water at a gellan concentration of 1 mg/mL and heated at 90℃ for 30 min with stirring using a magnetic stirring hot plate. After cooling to room temperature, the solution was diluted to a gellan concentration of 1 or 10 μg/mL using distilled water to observe networks or to a gellan concentration of 1 μg/mL using N,N-dimethylformamide to image individual molecules. A 2 μL volume of the diluted solution was drop-deposited onto a freshly cleaved mica surface and allowed to stand in a covdependent on salt concentration, while gels of high acyl gellan exhibit a markedly reduced degree of thermal hysteresis typically narrower than 5℃, regardless of salt concentration Mazen et al., 1999; Valli and Miskiel, 2001; Noda et al., 2008; Finami et al., 2009 ). The differences in gel properties between high acyl gellan and deacylated gellan suggest the greater significance of cation-mediated aggregation of double-stranded helices in deacylated gellan gels. Based on X-ray fiber diffraction analysis of high acyl gellan, it has been shown that acetate groups are located on the periphery of the double-stranded helix and have little impact on the helix geometry, and that glycerate groups are buried within the helix and are important to the modification of the helix geometry (Chandrasekaran et al., 1992) . The modified helix geometry does not allow the specific coordination between cations and carboxyl groups that is required for cation-mediated aggregation of double-stranded helices of deacylated gellan (Chandrasekaran et al., 1992) , consistent with the observation of significantly reduced thermal hysteresis and salt sensitivity of high acyl gellan Mazen et al., 1999; Valli and Miskiel, 2001; Noda et al., 2008; Finami et al., 2009) .
At relatively low polysaccharide concentrations, aqueous dispersions of high acyl gellan do not form macroscopic gels, while the dispersions may demonstrate an ability to suspend insoluble particles and prevent their sedimentation (Valli and Miskiel, 2001) . Furthermore, the reduced cation sensitivity of high acyl gellan makes it one of the rare ionic polysaccharides that are compatible with proteins (Valli and Miskiel, 2001) . When an ionic polysaccharide is mixed with proteins in an aqueous environment, a typical consequence is the formation of polysaccharide-protein complexes by electrostatic attraction between oppositely charged groups on the two biopolymers, possibly inducing precipitation (Girard et al., 2004) . High acyl gellan does not normally form a complex with protein molecules (Valli and Miskiel, 2001 ). Because of the low susceptibility to salt and protein, high acyl gellan is a promising stabilizer for aqueous suspensions and emulsions containing relatively high contents of salt and protein (Valli and Miskiel, 2001) .
The objective of the present study was to elucidate the stabilization mechanism of aqueous suspensions by high acyl gellan in order to fully exploit the potential of high acyl gellan as a biologically derived stabilizing agent. Rheological properties of aqueous dispersions of high acyl gellan were measured using oscillatory and continuous shear deformations at various temperatures. Time-temperature superposition (TTS) was then performed to generate master curves of rheological data in expanded time scale ranges. Single molecules and networks of high acyl gellan were probed using corresponding to the results obtained from the measurement at 80℃, gel-like characteristics (G′ > G″) were observed instead of the terminal response of a Newtonian liquid (G′ ~ ω 2 , G″ ~ ω). With increasing frequency, G″ increased more steeply than G′ and a crossover between G′ and G″ was observed around a reduced angular frequency of 10 -9 rad/s. At frequencies higher than the crossover frequency, the a T ω dependence of G′ and G″ showed liquid-like characteristics (G′ < G″) at low frequencies, the second crossover between G′ and G″ around a reduced angular frequency of 10 -5 rad/s, and gel-like characteristics (G′ > G″) at higher frequencies, typical of a semi-dilute solution of carbohydrate polymers Choppe et al., 2010) . The master curve of η* at frequencies higher than the first crossover frequency also showed characteristics typically observed for semidilute polymer solutions such as small frequency dependence at low frequencies and more enhanced shear thinning with increasing frequency Choppe et al., 2010) . At frequencies lower than the first crossover frequency, a power-law relationship between the reduced frequency and the reduced viscosity was observed instead of a Newtonian plateau, indicating that the viscosity increased toward infinity with decreasing frequency. The gel-like characteristics observed at the lower end of the reduced frequency can be attributed to the presence of a percolated network, while characteristics typical of semidilute polymer solutions observed at frequencies higher than the first G′-G″ crossover point indicate the presence of a different class of structures having faster dynamics. The two crossovers between G′ and G″ on the TTS master curves ered Petri dish for at least 15 min until no liquid was visible.
AFM imaging was performed under ambient conditions using a multimode imaging unit (SPA-400, SII NanoTechnology Inc., Chiba, Japan) operated in dynamic force (ac) mode using a probe station (SPI3800N, SII NanoTechnology Inc., Chiba, Japan). Samples were imaged in air at a scan rate of 0.5 − 1 Hz using a beam-shaped silicon cantilever with a nominal spring constant and resonance frequency of 12 N/m and 136 kHz, respectively. Topographical data were stored in a 512 × 512 pixel format and processed using NanoNavi II software (SII NanoTechnology, Chiba, Japan) to flatten the background.
Results and Discussion
The time-temperature superposition (TTS) technique has been successfully utilized to analyze relaxation phenomena occurring in a wide range of time scales in aqueous dispersions of carbohydrate polymers including deacylated gellan (Nickerson et al., 2004; Choppe et al., 2010; Kasapis, 2012) . In the present study, aqueous dispersions of high acyl gellan were heated at 90℃ for 30 min with shearing, and were then sequentially cooled to 80, 70, 60, 55, 50, 45, 40, 30, 20 and 10℃ for rheological measurements. TTS master curves were then generated by superimposing data obtained at each temperature using the horizontal (a T ) and vertical (b T ) shift factors. Figure 1 shows TTS master curves of G′, G″, and η* for an aqueous dispersion of 0.1% w/w high acyl gellan. The reference temperature at which both of the shift factors equaled unity was arbitrarily selected to be 20℃. At the lower end of the reduced angular frequency (a T ω) range High Acyl Gellan Rheology and Atomic Force Microscopy 10 -7 (Choppe et al., 2010) . It has been reported for aqueous solutions of xanthan that the shift factors used for superimposing oscillatory measurement data are applicable to the superposition of steady flow data (Choppe et al., 2010) . The TTS master curves have shown that the steady shear viscosity (η) agrees well with the complex viscosity (η*) at low frequencies/shear rates but negative deviations of η from η* are more noticeable above an oscillatory frequency of approximately 10 -1 rad/s or a steady shear rate of ca. 10 -1 s -1 (Choppe et al., 2010) . Figure   3 shows the TTS master curves of the steady shear viscosity and corresponding shear stress (τ) for an aqueous dispersion of high acyl gellan having a polysaccharide concentration of 0.1% w/w. Smooth master curves were obtained using shift factors identical to those used to obtain master curves of G′, G″, and η* (Fig. 1) , as shown in Fig. 2 . The generated master curve of η shares common features with that of η* (Fig. 1 ) such as a power-law relationship between the reduced shear rate and the reduced viscosity at the lower end of the reduced shear rate range and flow characteristics typical of semidilute polymer solutions at higher reduced shear rates. The reduced shear stress calculated as a product of the reduced shear rate and the reduced viscosity appeared to fluctuate around a constant value at the lower end of the reduced shear rate range (Fig. 3) , suggesting the presence of a yield stress, stresses smaller than which are incapable of inducing flow of a material. The fluctuations in shear stress are mostly likely to be caused by relatively small torque signals close to the resolution limit of the instrument. Semi-dilute polymer solutions frequently exhibit a Newtonian flow with a constant shear viscosity at fairly low shear rates and a powerin the present results are similar to a previous report on polystyrene-clay nanocomposites by Zhao et al. (2005) . The authors observed gel-like characteristics at frequencies lower than the first G′-G″ crossover point when the volume fraction of clay dispersed in the polystyrene matrix exceeded the critical value required for the formation of a percolated clay network, while at higher frequencies, rheological responses were dominated by those of the polystyrene matrix (Zhao et al., 2005) . Kundu et al. (2010) also reported two crossover points between G′ and G″ for hydrogels of methylcellulose and interpreted that the two G′-G″ crossovers were caused by the presence of a core-shell structure of dispersed particles, with a core of highly associated polysaccharide molecules contributing more significantly to elastic characteristics of the entire system and a shell of weakly associated molecules contributing more significantly to viscous characteristics. A common implication from these studies is that two different types of structures co-exist in these systems and different dynamics of each structure cause double crossovers between G′ and G″. Figure 2 shows the temperature dependences of the horizontal (a T ) and vertical (b T ) shift factors used to generate Fig.  1 . Both a T and b T decreased steeply around 20 − 55℃ but weakly outside this temperature range, exhibiting sigmoidal temperature dependences. The variations in a T and b T reflect the variations in the relaxation time and shear moduli (G′ and G″), respectively. The greater variation of a T , expanding over 10 orders of magnitude, than b T , suggests that the temperature dependence of the relaxation time had predominant effects on the temperature dependence of overall viscoelastic properties of high acyl gellan dispersions. The present results are similar to those reported for aqueous dispersions of the xanthan polysaccharide that demonstrated variations in a T as large as 9 orders of magnitude but no more than 10 for b T (Choppe et al., 2010) . Furthermore, marked changes in TTS shift factors were observed at relatively low temperatures at which xanthan molecules were in the helix conformation, while less pronounced variations in a T and b T were observed at higher temperatures at which xanthan molecules were in the coil conformation (Choppe et al., 2010) . The two different patterns of temperature dependence of the shift factors transitioning around 55 − 60℃ (Fig. 2) thus suggest the coil to helix transition of high acyl gellan during cooling under the examined conditions. It is worth noting that sigmoidal curves shown in Fig. 2 do not follow the Arrhenius and the Williams-Landel-Ferry models frequently used to describe glass transition phenomena of polymers (Nickerson et al., 2004; Choppe et al., 2010; Kasapis, 2012) , supporting the literature that the dynamics of glass transition of polymers is not directly relevant in semi-dilute polymer solutions formation are possible. In the case of gellan, however, a realistic scenario is the association of multiple polymer chains with unequal lengths during the formation of double-stranded helices. It has been established for deacylated gellan that the coil-helix transition leads to the formation of local networks, even without involving inter-helical aggregation, but the mechanical strength of such networks is relatively weak, exhibiting liquid-like characteristics (G′ < G″ ) in the entire frequency range examined (Gunning et al., 1996; Ikeda et al., 2004) . In the presence of cations such as potassium, lateral aggregation between helices is enhanced, resulting in the formation of thicker networks exhibiting characteristics typical of strong gels (Gunning et al., 1996) . It is thus difficult to explain the existence of an effective yield stress of high acyl gellan network revealed in Fig. 3 without assuming the presence of laterally aggregated double-stranded helices of high acyl gellan at 80℃.
AFM has been shown to be a useful tool to investigate individual molecules and large assemblies of carbohydrate polymers including high acyl (Noda et al., 2008; Funami et al., 2009 ) and deacylated gellan (Gunning et al., 1996; Morris, 1998; Ikeda et al., 2004) due to its ability to directly visualize structural heterogeneity at the nanometer scale, while other techniques such as scattering, osmotic pressure, and sedimentation methods provide spatially averaged results. Figure 4a shows a topographical AFM image of a high acyl gellan network prepared by heating in distilled water at 90℃ for 30 min and depositing onto mica from a polysaccharide concentration of 1 μg/mL. Heating is expected to enhance law relationship between the shear viscosity and shear rate at relatively high shear rates. It is therefore possible that a measured flow curve does not represent the entire curve but is limited to a certain region depending on the accessible shear rate range of an available instrument. In the present study, the shear rate range was expanded markedly based on the TTS concept. A power-law relationship between the reduced shear rate and the reduced viscosity was observed at reduced shear rates larger than approximately 10 -4 s -1 (Fig. 3) . With decreasing shear rates from 10 -4 s -1 , the shear rate dependence of the reduced viscosity became progressively weaker, indicating that a Newtonian plateau was being approached. Another power-law region emerged at even smaller reduced shear rates below approximately 10 -10 s -1 . Should it be possible to further decrease the shear rate, the second Newtonian plateau might appear at shear rates lower than 10 -12 s -1 . However, the inverse of this shear rate corresponds to a time scale of over 30,000 years. Therefore, in a practical sense, the examined high acyl gellan dispersion can be regarded as possessing an effective yield stress arising from the presence of a percolated network detected by oscillatory shear measurements. The formation of double-stranded helices of biologically derived carbohydrate polymers upon cooling is considered to lead to the formation of a variety of structures, including linear fibers with various lengths, branched fibers, and local networks if one considers the polydisperse nature of the molecular weight (Morris, 1998) . If only molecules with identical lengths are perfectly aligned side-by-side and associate into double-helices, no elongation, branching or network surfaces seen in the image despite that the network is fairly continuous in the lengthwise direction. The network also shows orientation in a diagonal direction, which is likely to be caused by flow of the sample liquid during air-drying on mica. Variations in the width and height of the network are evident, confirming that the network involves varied degrees of lateral association between double-stranded helices. Based on the height profile (Fig. 4c) of a cross-section in a magnified image (Fig. 4b) , a bimodal distribution of the height of the network is suggested with average heights around 0.5 nm and 1 nm. These findings were not clearly depicted in previous AFM studies on high acyl gellan (Noda et al., 2008; Funami et al., 2009) . The cross-sectional height around 0.5 nm is consistent with the reported value of the cross-sectional diameter of the double-stranded helix of deacylated gellan determined based on small angle X-ray scattering (Yuguchi et al., 1999) . The thicker fibrous structures, the cross-sectional heights of which are around 1 nm, are thus considered to consist of bundles of laterally associated double-stranded helices. The observed widths are an order of magnitude larger than the measured heights (Fig. 4c ). This is a wellrecognized effect referred to as probe broadening, the extent of which is dependent on the shape and curvature of both the probe tip and the object (Morris et al., 1997) . Subsequent attempts were made at visualizing individual molecules of high acyl gellan. It has been reported in the literature that welan polysaccharide, one of the gellan-family polysaccharides whose backbones have a common chemical structure identical to that of gellan (Pollock, 1993; Yamazaki et al., 1996) , is fully dissociated into individual polymer chains in dimethyl sulfoxide (DMSO) (Hember et al., 1994) . In the present study, however, high acyl gellan dissolved in DMSO did not provide good quality images (not shown) for unknown reasons. The best and most reproducible results were obtained when small amounts of aqueous solutions of high acyl gellan were diluted into a thousand-fold volume of N,N-dimethylformamide. Individual molecules of high acyl gellan thus prepared are shown in Fig. 5 . The cross-sectional heights were fairly constant around 0.25 nm (Fig. 5b) with no indication of the existence of branches, confirming that these are indeed individual polymer chains. The measured heights of these individual molecules are somewhat smaller than expectations of a single polysaccharide chain (Camesano and Wilkinson, 2001) , which is common in the application of AFM to the measurement of the molecular height due to some degree of compression of molecules during imaging . The contour length of individual molecules shown in Fig. 5a does not exceed 1 μm. Thus, the formation of a network almost spanning a 1 μm × 1 μm area shown in Fig. 4a must be an outcome of end-to-end and/or hydration of high acyl gellan molecules, while cooling promotes the transition to the helix conformation because the conformational transition from the coil to double-stranded helix conformations has been suggested to occur around 55 − 60°C based on the temperature dependence of the TTS shift factors shown in Fig. 2 . The network shown in Fig. 4a appears to be a localized network judging from the presence of some ends of branched fibers as well as bare mica cent double-stranded helices of deacylated gellan aligned in parallel and tighten the inter-helical binding (Chandrasekaran et al., 1992) . In contrast, the potassium ion is incapable of bridging two double-stranded helices of high acyl gellan because the glycerate group displaces the carboxyl group on the neighboring glucuronic acid residue responsible for ionic bridging (Chandrasekaran et al., 1992) . The differences in the helix geometry and ion binding ability between high side-by-side association of high acyl gellan molecules. The height profile of the network (Fig. 4c) further suggests that elongated double-stranded helices aggregate laterally to form cross-linking domains in the network. The examined deacylated gellan sample did not develop a network on mica when it was deposited from a solution having a polysaccharide concentration of 1 μg/mL, at which concentration high acyl gellan revealed localized networks (Fig. 4) . Continuous network expanding areas larger than 1 μm 2 developed when deposition was made from a 10 μg/mL deacylated gellan solution (Fig. 6a) . These networks were found to involve various degrees of lateral aggregation between double-stranded helices evident from varying widths and heights of these networks (Figs. 6b and 6c ). There was no indication of preferential orientation of deacylated gellan networks, differing from high acyl gellan networks shown in Fig. 4a . The absence of flow-induced orientation of the deacylated gellan network indicates that the network composed of aggregated helices of deacylated gellan was rigid enough to resist extension and hence orientation when deposited on mica and air-dried. The examined deacylated gellan sample was predominantly in the potassium salt form. The potassium ion is known to fit in the ion cage formed by two adja- conformational transitions upon cooling, without involving a significant level of inter-helical aggregation.
Conclusions
The present study provided new insights into the mechanism of stabilization of aqueous suspensions by high acyl gellan. The TTS master curves of G′ and G″ were generated for aqueous dispersions containing 0.1% w/w high acyl gellan at 10 − 80℃ in a wide frequency range expanding almost 14 orders of magnitude. Gel-like characteristics were seen at the lower end of the frequency range, suggesting the presence of a percolated network at 80℃. The horizontal and vertical shift factors used to generate the master curves decreased steeply with increasing temperature from 30℃ up to around 55 − 60℃ and weakly at higher temperatures. The change in the temperature dependences of the shift factors were considered to reflect the conformational transition of high acyl gellan. The identical shift factors were then used to generate the TTS master curve of steady flow properties as a function of the shear rate. At the lower end of the reduced shear rate range, the shear rate dependence of the shear viscosity exhibited a power-law relationship with fairly constant shear stresses, suggesting the existence of an effective yield stress that is expected to prohibit translational motion of suspended particles, unless the stress imposed by the particle upon the matrix exceeds the yield stress value. AFM images of high acyl gellan networks provided direct evidence for their structural heterogeneity involving varied degrees of inter-helical aggregation. Aggregated helices appeared not to dissociate fully by heating at 90℃ for 30 min, suggesting that they were partially preserved native networks secreted by gellan-producing bacteria and did not undergo any conformational transitions during subsequent treatments. Unaggregated helices were considered to dissociate into individual molecules at temperatures higher than the conformational transition temperature and to develop networks upon cooling through conformational transitions. AFM images revealed the co-existence of two types of high acyl gellan networks: one formed at the helical level without involving inter-helical aggregation and the other at the super-helical level involving inter-helical aggregation. It was hypothesized that high acyl gellan networks involving inter-helical aggregation were mechanically stronger than those formed by thermal treatments without involving inter-helical aggregation and played a key role in the development of an effective yield stress and hence the ability to stabilize aqueous suspensions. acyl gellan and deacylated gellan appear to correlate with the observed presence and absence of preferential orientation of these two types of gellan networks even though the height distributions reflecting the degree of lateral aggregation of helices are comparable.
AFM has been utilized to directly visualize molecules and networks of various carbohydrate polymers (Abu-Lail and Camesano, 2003) ; however, AFM images of high acyl gellan have scarcely been reported. Funami et al. have reported AFM images of gellan with various acyl contents and revealed that the average heights of all examined gellan samples are approximately 1 nm regardless of the acyl content, indicating a relatively low level of lateral aggregation between double-stranded helices (Noda et al., 2008; Funami et al., 2009) . The heights of the high acyl (Fig. 4c ) and deacylated (Fig. 5c) gellan examined in the present study fell within the same range. Furthermore, it was suggested that the deacylated gellan network were mechanically stronger than the high acyl gellan network. It has been established that the cation-mediated inter-helical aggregation of deacylated gellan occurs during cooling of a hot gellan solution as evident from gel-melting temperatures much higher than gelsetting temperatures (Annaka et al., 1999; Matsukawa et al., 1999; Miyoshi et al., 1999) . In the case of high acyl gellan, it seems logical to exclude the possibility of the involvement of thermally-induced conformational transitions due to the absence of distinct thermal hysteresis of high acyl gellan gels Mazen et al., 1999; Valli and Miskiel, 2001; Noda et al., 2008; Funami et al., 2009) . In addition to the absence of cation-mediated inter-helical aggregation, there is only one inter-helical hydrogen bond in the unit cell of high acyl gellan, instead of three in that of deacylated gellan (Chandrasekaran et al., 1992) . The differences in structure and properties between these two types of gellan imply that hydrophobic interactions strengthened with increasing temperature play a more important role in the inter-helical aggregation of high acyl gellan as compared to deacylated gellan. It is also plausible that inter-helical aggregation of high acyl gellan occurs predominantly during biosynthesis. Native networks secreted by Sphingomonas bacteria are likely to be disintegrated to some extent due to the application of heat and shear during commercial production of high acyl gellan, but are partially preserved in the final product. The preserved native networks are expected to retain interhelical aggregation and contribute to the development of effective yield stresses of aqueous dispersions containing high acyl gellan to provide the functionality of suspending insoluble particles. Unaggregated double-helices can dissociate into individual molecules above the conformational transition temperature and develop into networks through
